Background: Long-term function and survival of reverse shoulder arthroplasties (RSAs) are reliant on component positioning and fixation. Conventional postoperative analysis is performed using plain radiographs or 2-dimensional (2D) computed tomography (CT) images. Although 3-dimensional (3D) CT would be preferred, its use is limited by metal artifacts. This study proposes a new 3D CT method for postoperative RSA evaluation and compares its interobserver reliability with conventional methods. Materials and methods: Preoperative and postoperative CT scans, as well as postoperative radiographs, were obtained from 18 patients who underwent RSA implantation; the scapula, implant, and screws were reconstructed as 3D CT models. The postoperative 3D scapula and implant were imported into preoperative coordinates and matched to the preoperative scapula. Standardized scapula coordinates were defined, in which the glenoid baseplate version and inclination angle were measured. The percentage of screw volume in bone was measured from a Boolean intersection operation between the preoperative scapula and screw models. Four independent reviewers performed the measurements using 3D CT and conventional 2D methods. Intraclass correlation coefficients (ICCs) were used to compare the reliability of the methods. Results: The 3D CT method showed excellent reliability (ICC > 0.75) in baseplate inclination (ICC ¼ 0.92), version (ICC ¼ 0.97), and screw volume in bone (ICC ¼ 0.99). Conventional 2D methods demonstrated poor reliability (ICC < 0.4). For radiographs, inclination showed poor reliability (ICC ¼ 0.09) and the screw percentage in bone showed fair reliability (ICC ¼ 0.54). Version was not measured with plain radiographs. For 2D CT slice measurements, inclination showed poor reliability (ICC ¼ 0.02), version showed excellent reliability (ICC ¼ 0.81), and the screw percentage in bone showed poor reliability (ICC ¼ 0.28). Conclusion: The new 3D CTebased method for evaluating RSA glenoid implant positioning and screw volume in bone showed excellent reliability and overcame the metal-artifact limitation of postoperative CT and 3D CT reconstruction.
In joint arthroplasty, component placement and fixation are crucial to enable long-term procedure success and optimize patient outcomes. This has been shown to be particularly true in shoulder arthroplasty, especially reverse shoulder arthroplasty (RSA). 2, 4, 17, 24 In RSA, high complication rates are often attributed to improper placement and fixation of components. 5, 8, 9, 12, 21, 22 Postoperative evaluation is essential to understand complications related to component positioning. Although recent research has focused on developing computer-assisted surgery systems and on bone stock quality identification methods to better guide prosthetic placement, postoperative evaluation advancement has been limited. 1, 7, 17, 19 Therefore, to improve the outcomes of RSA, better postoperative evaluation and measurement of baseplate and screw fixation are needed.
Conventional analysis of postoperative component placement is typically assessed using plain radiographs. 16, 26 The accuracy of postoperative plain radiographs for assessing prosthetic placement has been discussed and brought into question. 20 Vidil et al 26 (2013) suggested that computed tomography (CT) Institutional review board approval was not required for this retrospective study. scanning is a more sensitive and reproducible tool to evaluate some postoperative placement features, but it remains a 2-dimensional (2D) representation; it is also limited because of metal artifacts. 14 For preoperative planning and evaluation, recent literature has recommended 3-dimensional (3D) CT reconstruction over 2D CT or plain radiographs for a more reliable anatomic understanding and measurements, particularly when the anatomy is severely altered by osteoarthritis. 3, 10, 15, 18 Postoperatively, the main limiting factor in using 3D CT reconstruction for evaluating implant placement has been metal artifacts caused by the implant.
An in vitro method using surface matching of the postoperative CT-based 3D model to the artifact-free preoperative CT-based 3D model to evaluate component placement has been previously described. 25, 27 We postulated that a similar 3D CT reconstruction and registration technique could be developed for in vivo postoperative evaluation of glenoid baseplate implant and fixation in RSA patients.
The objectives of this study were to describe a new method for measuring RSA glenoid implant positioning as well as screw bone purchase using 3D CTebased reconstruction and to compare the interobserver reliability of this method with that of more conventional methods of postoperative baseplate and screw placement evaluation, including both 2D CT and plain radiography.
Materials and methods
Preoperative and postoperative CT scans, as well as plain radiographs, were obtained from 18 patients who had undergone RSA. Patients were randomly selected from the hospital archive system. Preoperative and postoperative CT scans were imported into commercially available medical imaging processing software (Mimics, version 15.0; Materialise, Leuven, Belgium). The patient anatomy and prosthetics were automatically thresholded based on the gray-value histogram. The scapula, glenoid implant, and screws were then systematically reconstructed as 3D models.
Model registration
The postoperative 3D scapula model and implant features were imported into preoperative coordinates and matched to the preoperative scapula model. A first paired-point registration of the models was performed, followed by surface registration. For the paired-point registration, consistent points on the scapula were used. After the postoperative model and prosthetic were closely matched, surface matching was performed with a short distance threshold of 0.05 mm, at 10,000 iterations, until 100% of the subsample was reached. Only the scapula 3D models were used for the registration; the implant and screws were selected as moving objects, following the postoperative 3D model. The registrations were automatically propagated to the glenoid implant and screws, resulting in their placement on the artifact-free preoperative scapula model ( Fig. 1 ).
Standardized scapula coordinates
Standardized scapula coordinates were required for baseplate spatial orientation measurements. To define scapula coordinates, a computer-assisted, custom-designed quadripod composed of 1 long axis with 2 orthogonal shorter axes was imported into the preoperative Mimics interface. The quadripod was registered to the preoperative scapula model using common landmarks: the center of the glenoid fossa and the trigonum scapulae (medial-lateral, z-axis), the superior and inferior glenoid tubercle (superior-inferior, y-axis), and the anterior-posterior axis (x-axis) as defined by the orthogonal-triad third axis 10,11,15 (Fig. 2) . 
Inferior screw volume in bone
It has been suggested that the inferior screw is the largest contributor to glenoid baseplate fixation by inducing point loading of RSA prosthetic components. 4 For this study, we modeled the quality of the screw position by measuring the 3D volume and location of the inferior screw within scapula bone.
For the percentage screw volume in bone, a Boolean intersection operation was performed between the preoperative scapula model and the inferior screw model. The volume of the intersection was compared with the volume of the original screw model, giving the bone-purchase percentage of the screw (Fig. 3 ).
Radiograph and CT-slice method
The same method was used for CT-slice and radiographic measurements. Cobb angles were used from the medical records software toolbox.
For postoperative inclination, a 90 Cobb angle was drawn from the trigonum of the scapula to the center of the central peg of the glenoid implant on coronal CT slices and anteroposterior radiographs. A second Cobb angle was drawn using the 90 line as a reference; the second line was placed from the most superior to the most inferior point on the glenoid implant.
The postoperative version angles could only be measured using CT slices because plain radiographs are ineffective in assessing glenoid version. 15 For the version of the glenoid, implant axial CT cuts were used. The same landmarks were used for placing the first Cobb angle. The second Cobb angle was drawn with respect to the most anterior to the most posterior point on the glenoid implant ( Fig. 4 ). The screw percentage in bone was calculated from the screw length, collected with a distance-measuring tool in the software.
Data collection and statistical analysis
For testing of the interobserver reliability of the 3 methodsdconventional plain radiographs and 2D CT, as well as the new 3D CTebased methoddbaseplate inclination and version and inferior screw bone purchase were measured by 4 qualified independent observers: an orthopedic surgeon, an anatomist, an experienced computer-assisted surgery research assistant, and a computer-science student.
The interobserver reliability was tested using the intraclass correlation coefficient [ICC (2)] of Shrout and Fleiss, 23 whereby measurements were made by the same observer and the observers were sampled from a population of observers. Baseplate inclination and version and the percentage of the inferior screw in bone were measured using 3 different methods: conventional plain radiographs, 2D CT, and the new 3D CTebased method. All measurements were individually performed on each of the 16 data sets by the 4 independent reviewers. A reliability score below 0.40 was considered poor; between 0.41 and 0.59, fair; between 0.60 and 0.74, good; and between 0.75 and 1.00, excellent. 6 The overall mean of the average absolute deviation was reported to characterize the general dispersion among measures taken by the independent observers for each patient.
Results
The average absolute deviation is reported in Table I to characterize the dispersion among measures, and the results of ICC k values for each evaluated method are reported in Table II . For the plain radiographic measures, the average deviation from preoperatively to postoperatively was 7.3 for inclination and 5.3% for the inferior screw volumeeinebone percentage. Reliability was poor for the angle of inclination (ICC ¼ 0.09) and fair for the percentage of the inferior screw in bone (ICC ¼ 0.54). The angle of version was not measured with plain radiographs.
For 2D CT-slice measurements, the average deviation from preoperatively to postoperatively was 7.6 for inclination, 2.8 for version, and 15.3% for the inferior screw volumeeinebone percentage. Reliability was poor for the angle of inclination (ICC ¼ 0.02), excellent for the angle of version (ICC ¼ 0.81), and poor for the percentage of the inferior screw in bone (ICC ¼ 0.28).
For the 3D registration method, the average deviation from preoperatively to postoperatively was 1.4 for inclination, 1.2 for version, and 1.4% for the inferior screw volumeeinebone percentage. Reliability was excellent for the angle of inclination (ICC ¼ 0.92), excellent for the angle of version (ICC ¼ 0.97), and excellent for the percentage of the inferior screw in bone (ICC ¼ 0.99).
Discussion
In RSA, component positioning is of paramount importance to optimize outcomes, avoid complications, and help ensure longevity. 2, 4, 18, 25 Conventional evaluation methods for postoperative RSA implant and screw placement have historically been based on 2D imaging. 17, 27 However, the reliability and accuracy of assessing component positioning using 2D plain radiography have been questioned. 21 Our results suggest that assessing implant position using 2D conventional methods is unreliable and that the new 3D CT evaluation showed excellent intraobserver reliability.
Although 3D CT reconstruction has been suggested to be more reliable for assessing shoulder anatomy, 3, 11, 16, 19 3D CT has thus far been limited to preoperative evaluation. Previously, postoperative evaluation has been limited by metal artifacts and distortion created by the components that compromise the accuracy of the postoperative imaging. Recent progress has been made in metalartifact removal algorithms that have shown promising results. However, technical progress in improving the image acquisition process and reconstruction approaches is necessary before it is more widely applied. 13, 14, 28 The results of the new method demonstrated in this study, using 3D CT registration of postoperative to preoperative anatomy for evaluating RSA glenoid implant and screw positioning, suggest that it is possible to overcome the metal-artifact limitation of a 3D CT postoperative evaluation.
The observers involved with this study were selected from different fields and included an orthopedic surgeon, an anatomist, an experienced computer-assisted surgery research assistant, and a computer-science student. Although every observer was trained according to the same protocol, the difference in fields of practice could have compromised the reliability of conventional measurements and is therefore a limitation of this study. However, the results could suggest that the 3D CTebased method was easy to learn and to apply in practice and that it is not technically challenging or experience dependent.
Although preoperative radiographs are routinely acquired and multiple studies have demonstrated that CT and 3D reconstruction are more adequate tools to evaluate postoperative placement features, obtaining preoperative and postoperative CT scans is increasingly a standard practice in RSA surgery but is not a common practice in every institution. Therefore, another limitation of this study is the applicability of the described technique, which involves the feasibility to perform a postoperative CT scan. This exposes the patient to radiation and potentially adds further cost to patient care. This technique is not proposed to be performed for routine follow-up in every clinical situation, especially not for the typical postoperative patient. However, this technique has important benefits and may find an application in 2 situations. The first situation would be for evaluation of patients who are not doing as well as might be expected. This may include patients with unexplained pain, instability, or lack of functional improvement, particularly those for whom the surgeon is contemplating performing revision arthroplasty. These are all situations in which a postoperative CT scan would often be performed, and this technique could add some benefits to a routine CT scan. The second situation would be for research purposes in which a detailed evaluation of implant positioning may be beneficial. Therefore, although this technique may not find an application for the typical patient or be used on a routine basis, we feel this technique offers some benefits to surgeons in the aforementioned situations.
Furthermore, this method is translatable to postoperative evaluation of other procedures that are currently limited by imaging metal artifacts. More work could be performed to increase the number of patients examined to assess the reliability of this method and to adapt this method to other joints and procedures.
Conclusion
A new 3D CTebased method for evaluating RSA glenoid implant positioning and screw volume in bone has been developed. This method overcame the metal-artifact limitation of postoperative 3D CT reconstruction. It showed excellent intraobserver reliability compared with more conventional 2D methods. Future directions could include large-scale validation and application to postoperative imaging evaluation of other procedures currently limited by metal artifacts. A reliability score below 0.40 was considered poor; between 0.41 and 0.59, fair; between 0.60 and 0.74, good; and between 0.75 and 1.00, excellent.
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